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METHOD OF MAKING SELF-ALIGNED 
NANOTUBE CONTACT STRUCTURES 

CROSS-REFERENCE TO RELATED 
APPLICATION 

The present patent application claims priority under 35 
U.S.C. S 119(e) to U.S. Provisional Patent Application Ser. 
No. 61/056,714, filed on May 28, 2008, the entire contents of 
which are incorporated herein by reference as if fully set forth 
in this description. 

FIELD 

The present application relates to methods of making nano 
tube contact structures, and more particularly, to methods of 
making nanotube contact structures with low resistance. 

BACKGROUND 

Nanotubes and nanotube-derived films are implemented in 
a variety of electronic and sensing devices. Many of these 
devices require application of a Voltage potential across indi 
vidual, bundles, or networks of nanotubes. Therefore, an elec 
trical contact is included in the device to provide the voltage 
across the nanotube. The ability to form stable, low resistance 
electrical contacts to the nanotube structures helps to enable 
reliable operation of these devices. 
One example of electrical contacts coupled to nanotube 

structures includes preformed bottom contacts. Bottom con 
tacts may be sensitive to electrode Surface preparation and 
topography effects, typically offer limited surface contact 
area, and may only provide a relatively high contact resis 
tance, and thus generally lack desirable characteristics for use 
with nanotube structures. 

Another example of electrical contacts coupled to nano 
tube structures includes top side contacts formed by conven 
tional deposition and patterning techniques. But top side con 
tacts are also generally not applicable to nanotube structures 
because the top side contact metals may not be able to be 
etched with sufficient selectivity to avoid degrading the thin 
nanostructures located below. In addition, procedures for 
forming top side contacts, such as using lift-off techniques for 
example, are generally not compatible with state-of-the-art 
nanotube devices and manufacturing methods. 

SUMMARY 

Disclosed herein are embodiments of a method for forming 
nanotube contact structures. The method includes embedding 
base contacts in a layer of a microelectronics device and 
forming a nanotube layer over the base contacts Such that 
openings remain in the nanotube layer. The nanotube layer 
provides a conductive medium between the base contacts. In 
other examples, the nanotube layer is present as a resistive or 
semi-conductive layer. The method also includes forming 
self-aligned electrodes on the nanotube layer Substantially 
over the base contacts by selective deposition. The self 
aligned electrodes Substantially fill only the openings in the 
nanotube layer that substantially reside over the base con 
tactS. 

In another embodiment, the method includes forming an 
interconnect layer over a portion of a layer of a microelec 
tronics device, forming a nanotube layer over a portion of the 
interconnect layer, such that openings remain in the nanotube 
layer, and forming self-aligned electrodes in the openings of 
the nanotube layer. The self-aligned electrodes substantially 
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2 
fill only the openings in the nanotube layer that Substantially 
reside over metal filled vias of the microelectronics device. 

In still another embodiment, the method includes forming 
an interconnect layer over a first layer of a microelectronics 
device, forming a second layer of the microelectronics device 
over the interconnect layer, and patterning one or more Vias 
through the second layer. The method also includes Substan 
tially filling the Vias with a metal, forming a nanotube layer 
onto a surface of the second layer, such that openings remain 
in the nanotube layer, and forming self-aligned electrodes 
substantially over the nanotube layer. The self-aligned elec 
trodes Substantially fill only the openings in the nanotube 
layer that substantially reside over the metal in the vias. 
The foregoing Summary is illustrative only and is not 

intended to be in any way limiting. In addition to the illustra 
tive aspects, embodiments, and features described above, fur 
ther aspects, embodiments, and features will become appar 
ent by reference to the drawings and the following detailed 
description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an example conceptual structural diagram show 
ing an interconnect system. 

FIGS. 2A-2B are example conceptual structural diagrams 
showing formation of nanotube contact structures. 
FIG.3 is flowchart including examples of functional steps 

for forming nanotube contact structures. 
FIGS. 4A-4F are additional example conceptual structural 

diagrams showing formation of nanotube contact structures. 
FIG. 5 is an example electron micrograph illustration of a 

nanotube layer. 

DETAILED DESCRIPTION 

In the following detailed description, reference is made to 
the accompanying drawings, which form a parthereof. In the 
drawings, similar symbols typically identify similar compo 
nents, unless context dictates otherwise. The illustrative 
embodiments described in the detailed description, drawings, 
and claims are not meant to be limiting. Other embodiments 
may be utilized, and other changes may be made, without 
departing from the spirit or scope of the Subject matter pre 
sented herein. It will be readily understood that the aspects of 
the present disclosure, as generally described herein, and 
illustrated in the Figures, can be arranged, Substituted, com 
bined, separated, and designed in a wide variety of different 
configurations, all of which are explicitly contemplated 
herein. 

In embodiments disclosed below, a nanotube contact struc 
ture may be formed by selectively depositing a film over 
nanotubes or through a nanotube network onto an intercon 
nect layer located below. The nanotube contact structure may 
be self-aligned such that the nanotube contact structure envel 
ops or encloses individual nanotubes in a region or predefined 
region and provides contacts with low resistance and high 
yield and uniformity. The self-aligned nanotube contact 
structure may also eliminate patterning steps and facilitate 
strong attachments of the nanotubes to the interconnect layer 
Surface. 

FIG. 1 shows an interconnect system 100. The interconnect 
system 100 may include one or more layers 101a and 101b 
(which may be dielectric layers or other substrate materials) 
and one or more interconnect layers 102a and 102b. The 
interconnect layers 102a and 102b may include circuitry and 
form electrical interconnections between each other through 
a filled via 103. Examples of circuits using comparable inter 
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connect systems include non-volatile random access memo 
ries and application-specific integrated circuits (ASIC). 
The interconnect system 100 may require electrical con 

tacts to couple interconnect layers or to connect to other 
circuitry. In one embodiment, self-aligned nanotube contact 
structures are provided. 

FIGS. 2A-2B are example conceptual structural diagrams 
showing formation of a self-aligned nanotube contact struc 
ture 200. FIG. 2A shows a self-aligned nanotube contact 
structure 200, which may include a first layer 201, intercon 
nect layers 202a and 202b, and a second layer 203. The 
interconnect layers 202a and 202b may be formed on the first 
layer 201. The first layer 201 may be a dielectric, such as 
silicon dioxide or silicon nitride. The second layer 203 may be 
formed on the interconnect layers 202a and 202b. The second 
layer 203 may be a dielectric, such as silicon dioxide or 
silicon nitride. The nanotube contact structure 200 also 
includes base contacts 204a and 204b, which may be formed 
on a surface of the second layer 203 or be embedded in the 
second layer 203 by using deposition and chemical-mechani 
cal polishing techniques. The self-aligned nanotube contact 
structure 200 may be formed by constructing base contacts 
204a and 204b that provide an electrical interconnection to 
the interconnect layers 202a and 202b located below. 
A nanotube layer 205 may be formed on the second layer 

203 using individual mechanical or electrical nanotube place 
ment, chemical vapor deposition, spin-on application of 
nanotube Suspensions, or other methods. The nanotube layer 
205 may bean individual nanotube or a network of individual 
nanotubes. Openings may remain in the nanotube layer 
between individual nanotubes. The nanotube layer 205 may 
include a carbon nanotube (CNT) fabric film, such as a solu 
tion or a suspension of carbon nanotubes. In addition, inor 
ganic nanotubes, graphene structures, and carbon nanotubes 
doped with nitrogen, boron, or silicon could be used, for 
example. The nanotube layer 205 may then be patterned to 
form electronic or sensing elements using conventional 5 
masking and etching techniques. The nanotube layer 205 may 
create a resistor element, which conducts current between 
two or more of the base contacts 204a and 204b. The resis 
tance of the nanotube layer 205 can be altered or programmed 
by the application of Voltage and current. In other example 
embodiments, the nanotube layer 205 could be present as a 
resistive or semi-conductive layer. 

FIG. 2B shows self-aligned metal contacts 206a and 206b, 
which can beformed by selectively depositing a thin film over 
the nanotube layer 205. For example, the self-aligned metal 
contacts 206a and 206b may be formed by selective chemical 
vapor deposition (CVD) using tungsten, electroplating cop 
per, or another conductive material or electroless plating 
metal like nickel or palladium. 
One example of electroless plating is electroless nickel 

plating, an autocatalytic reduction-oxidation reaction that 
requires no external source of current. Electroless plating can 
be implemented using a preliminary activation step per 
formed before the nanotube layer 205 is deposited to enable 
selective deposition on the surface of a variety of materials. 
For example, a palladium chloride solution can be used first to 
activate a surface of the base contacts 204a and 204b. Next, a 
Solution containing a reducing agent and ions of the metal to 
be plated, such as nickel, is applied to the Surface to be plated. 
At the interface between the catalytic surface (the surface of 
the base contacts 204a and 204b) and the solution, the nickel 
ions are reduced. Such that they gain electrons and are plated 
onto the surface of the base contacts 204a and 204b as a 
coating of Solid nickel, resulting in the self-aligned metal 
contacts 206a and 206b. Because the reaction only occurs at 
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4 
the interface between the solution and the catalytic surface or 
only occurs Substantially at this interface, nickel is only Sub 
stantially deposited onto the surface of the base contacts 204a 
and 204b. 

FIG.3 illustrates a flowchart of steps detailing an example 
method for forming nanotube contact structures. As shown in 
block 301, initially, an interconnect layer is deposited and 
patterned over a nonconducting or dielectric Surface. For 
example, a metal layer could be deposited across a silicon 
oxide layer and patterned into a set of leads using masking 
and etching techniques. 

Next, as shown in block 302, a layer of dielectric material 
is deposited and planarized over the interconnect layer. For 
example, a second silicon oxide layer could be deposited over 
the patterned leads of the metal interconnect layer and the 
resulting raised portions of the silicon oxide layer can be 
polished off to form a planar dielectric surface. 
As shown in block 303, vias are then patterned through the 

dielectric layer that was deposited and planarized in block 
302. For example, a chemical-mechanical polishing step can 
be performed such that vias are formed in the second silicon 
oxide layer. The Vias are openings through the second dielec 
tric layer to the interconnect layer. 

Then, as shown in block 304, a metal. Such as tungsten, is 
deposited onto the dielectric Surface containing the Vias. Then 
the metal is polished off the dielectric surface such that the 
metal remains only in the Vias. Additional optional steps may 
include the deposition of a thin layer of another metal, such as 
titanium, over the vias, followed by the deposition of another 
thin layer, Such as titanium nitride, over this layer, resulting in 
three-layer metal vias. 
The interconnect layer is now ready for application of a 

nanotube layer. As shown in block 305, a nanotube layer is 
formed over the metal vias, Such that openings remain in the 
nanotube layer. For example, a carbon nanotube (CNT) fabric 
film, Such as a solution or a suspension of carbon nanotubes, 
can be applied to the dielectric surface with the metal vias. 
The CNT film layer can be thin (20 nm or less). In addition to 
carbon nanotubes, inorganic nanotubes, graphene structures, 
and carbon nanotubes doped with nitrogen, boron, or silicon 
could be used. 
As shown in block 306, portions of the nanotube layer can 

be removed to create nanotube resistors. Nanotube resistors 
can be defined in the nanotube layer using a resistor mask, 
Such as a photoresist, aligned with the metal vias below. 
Nanotubes unprotected by the resistor mask can be etched off 
using oxygen plasma, resulting in holes in the nanotube layer, 
and the resistor mask can be removed with a solvent. For 
example, portions of the nanotube layer could be etched away 
or removed to leave rectangular-shaped regions of nanotube 
layer that serve as resistors. 
The final step, as shown in block 307, is to form self 

aligned electrodes on the nanotube layer by selective deposi 
tion. The self-aligned electrodes may be metal. Such as nickel, 
palladium, cobalt, or gold. For example, a metal could be 
deposited onto the nanotubes by selective electroless plating 
or selective chemical vapor deposition Such that the metal 
envelops the individual nanotubes and self-aligned electrodes 
form through the openings in the nanotube layer. In an 
example embodiment, electroless nickel plating is used to 
form the self-aligned electrodes by depositing nickel over the 
nanotube layer created in block 305 and the metal-filled vias 
created in block 304. Because the deposition process requires 
the presence of a metal Surface, the self-aligned electrodes 
form only over the metal-filled Vias. In one example, a palla 
dium chloride solution may be used first to activate the sur 
face, then a commercially prepared solution of nickel Sulfate, 
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amineborane or borohydride, and ammonium hydroxide may 
be deposited over the nanotube layer. Heat treatment can be 
used to drive off liquids (or to stabilize the nickel deposit), 
resulting in self-aligned electrodes, which envelop each indi 
vidual nanotube. 

FIGS. 4A-4F are example conceptual structural diagrams 
showing formation of a self-aligned nanotube contact struc 
ture 400. FIG. 4A shows a first layer 401 and an interconnect 
layer 402. The first layer 401 may be a dielectric, such as 
silicon dioxide or silicon nitride. The interconnect layer 402 
may be deposited and patterned over the first layer 401. For 
example, the interconnect layer may be a pattern of metal 
leads that form an interconnection with Surrounding metal 
interconnect layers. 

FIG. 4B shows a second layer 403, which may be deposited 
and planarized over the interconnect layer 402. In one 
example, both the first layer 401 and the second layer 403 may 
be dielectric materials, such as silicon dioxide or silicone 
nitride. FIG. 4C shows a via 404, which may be patterned 
through the second layer 403. One or more vias 404 may be 
patterned through the second layer 403. 

FIG. 4D shows a filled via 405. The filled via 405 may be 
formed by depositing a metal. Such as tungsten, for example, 
on the second layer 403 and within an opening generated by 
the via 404, and polishing the second layer 403 such that 
metal only remains in the via 404 or only remains Substan 
tially in the via 404 and possibly a nearby Surrounding region. 

FIG. 4E shows a nanotube layer 406, which can beformed 
over the second layer 403, the filled via 405, and the inter 
connect layer 402. The nanotube layer 406 may be formed 
Such that openings remain in the nanotube layer. For example, 
nanotubes may be bonded or merged together such that link 
ing occurs between the nanotubes in any type of pattern. As 
one example, FIG. 5 illustrates an example electron micro 
graph image of one nanotube layer. Dark images. Such as 500, 
are openings within the nanotube layer and illustrate a Sub 
strate below the nanotube layer. Other types of patterning of 
nanotubes may be used as well. 
The nanotube layer 406 may comprise carbon nanotubes 

and fabric structures formed from carbon nanotubes, for 
example. The nanotube layer 406 may comprise other types 
of nanotubes as well. For example, the nanotube layer could 
comprise inorganic nanotubes, graphene structures, or carbon 
nanotubes doped with nitrogen, boron, or silicon. The nano 
tube layer 406 may or may not cover the entire filled via 405. 

FIG. 4F shows a self-aligned electrode 407, which may be 
formed by selective deposition over the nanotube layer 406. 
For example, the selective deposition may be performed by 
electroless plating or chemical vapor deposition, and the self 
aligned electrode 407 may form only over the metal in the 
filled via 405. The self-aligned electrode 407 may be a metal 
electrode. Such as nickel, palladium, cobalt, or gold. 
One example of electroless plating is electroless nickel 

plating, an autocatalytic reduction-oxidation reaction that 
requires no external source of current. Electroless plating can 
be implemented using a preliminary activation step per 
formed before the nanotube layer 406 is deposited to enable 
selective deposition on the surface of a variety of materials. 
For example, a palladium chloride solution can be used first to 
activate a surface of the metal via 405 in order to remove 
unwanted particles. Next, a solution containing a reducing 
agent and ions of the metal to be plated, such as nickel, is 
applied to the surface to be plated. At the interface between 
the catalytic surface (the surface of the metal via 405) and the 
Solution, the nickel ions are reduced. Such that they gain 
electrons and are plated onto the surface of the metal via 405 
as a coating of Solid nickel, resulting in the self-aligned elec 
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6 
trode 407. Because the reaction only occurs at the interface 
between the solution and the catalytic surface, nickel is 
deposited only onto the surface of the metal via 405. 

It should be understood that the steps described herein are 
for purposes of example only. As such, those skilled in the art 
will appreciate that other steps and other materials can be 
used instead, and some steps may be omitted altogether 
according to the desired results. It is intended that the fore 
going detailed description be regarded as illustrative rather 
than limiting, and it is intended to be understood that the 
following claims including all equivalents define the scope of 
the application. 
The invention claimed is: 
1. A method of forming nanotube contact structures, the 

method comprising: 
forming an interconnect layer over a portion of a layer of a 

microelectronics device; 
forming a nanotube layer over a portion of the interconnect 

layer, wherein the nanotube layer defines openings 
through the nanotube layer; and 

forming self-aligned electrodes in the openings of the 
nanotube layer Such that the self-aligned electrodes are 
formed only in openings in the nanotube layer that Sub 
stantially reside over metal filled vias of the microelec 
tronics device, wherein the self-aligned electrodes are 
formed on the metal in the Vias, and the self-aligned 
electrodes are not formed in openings that do not reside 
over the metal filled vias. 

2. The method of claim 1, further comprising: 
forming a second layer of the microelectronics device over 

a portion of the interconnect layer; 
patterning one or more Vias through the second layer; and 
substantially filling the vias with a metal. 
3. The method of claim 2, wherein the second layer com 

prises a dielectric layer. 
4. The method of claim 3, wherein the dielectric layer is 

silicon dioxide. 
5. The method of claim 3, wherein the dielectric layer is 

silicon nitride. 
6. The method of claim 1, wherein the nanotube layer 

comprises carbon nanotubes. 
7. The method of claim 1, wherein the self-aligned elec 

trodes are metal. 
8. The method of claim 1, wherein the self-aligned elec 

trodes are plated onto the metal in the vias by a reduction 
oxidation reaction. 

9. The method of claim 1, wherein the self-aligned elec 
trodes are formed on the nanotube layer by selective electro 
less plating. 

10. The method of claim 1, wherein the self-aligned elec 
trodes are formed by selective chemical vapor deposition. 

11. The method of claim 2, further comprising activating a 
surface of the metal that filled the vias to remove particles. 

12. The method of claim 2, further comprising applying a 
reducing agent of the metal to the Surface of the metal. 

13. The method of claim 12, wherein forming the self 
aligned electrodes in the openings of the nanotube layer com 
prises plating nickel onto the metal in the Vias using a reduc 
tion-oxidation reaction. 

14. The method of claim 13, wherein the reduction-oxida 
tion reaction occurs through the openings in the nanotube 
layer and only Substantially at an interface including the 
reducing agent and the Surface of the metal. 

15. The method of claim 2, further comprising removing 
portions of the nanotube layer to create nanotube resistors. 

k k k k k 


